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Brown trout Salmo trutta is an adaptable species
with a remarkable level of plasticity in relation to its
life history strategy, both within and across popula-
tions (Thor stad et al. 2016). Sea trout is a term for the
individuals of brown trout that display an anadro-
mous life history strategy (Thorstad et al. 2016). They
spawn in freshwater, and the juveniles remain there
for 1−8 yr during the life stage called parr. Parr are
somewhat tolerant to saltwater but cannot tolerate
full-strength seawater. Therefore, before undertak-
ing their marine feeding migration, they undergo a
series of physiological, morphological, and behav-
ioural changes, called smoltification (Thorstad et al.
2016). In line with their anadromous life cycle, usu-
ally, both smolts and adult individuals of sea trout
emigrate from their rivers in early spring and return
to their rivers to spawn or overwinter either the
first, second, or third autumn following emigration
(Thorstad et al. 2016).
Norwegian rivers are home to some of the last large
wild populations of sea trout in the Atlantic Ocean.
The corresponding coastline is heavily populated
with salmon Salmo salar farms, making up a large
proportion of world salmon production (Liu et al.
2011). One of the major criticisms of farmed fish pro-
duction in net-pens is the environmental impact on lo-
cal ecosystems, including the potential interactions
between disease and parasites of farmed and wild
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ABSTRACT: Sea trout are known for seeking out sources of freshwater to rid themselves of salmon
lice. However, the effect of natural haloclines in fjords on parasite dynamics is not well under-
stood. We tagged 48 naturally infested wild sea trout with acoustic depth sensors. The fish were
kept inside a small net-pen (4 × 4 × 5 m), 12 at a time, in western Norway during 4 separate time
periods in spring 2017. The sea trout were relatively highly infested with sea lice (prevalence:
100%, mean ± SD: 68 ± 58 lice fish−1), and a relatively large proportion of the individuals did not
survive the trials (25% mortality). The results show that temperature and light were the 2 most
important factors explaining the vertical behaviour of the surviving trout. Mobile lice also had a
significant effect on depth distribution, where fish with higher abundances of lice were observed
at shallower depths. During the 7 d periods in the net-pen, total sea louse abundance decreased
from a mean of 68 to 35 fish–1. Surface salinity explained this reduction better than the experi-
enced salinity of the individual fish, suggesting that short-time exposure to very low salinities,
rather than long-term exposure to moderate salinities, is the driving force behind the effect of
haloclines on reduction in sea lice numbers.
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fish. Of these interactions, the most debated is un-
questionably the effect of salmon lice from fish farms
on wild salmonid populations, producing a vast num-
ber of studies across countries harbouring both wild
and farmed salmonids (Agnalt et al. 2017). Salmon
louse Lepeophtheirus salmonis is an ectoparasite af-
fecting salmo nids, including sea trout (Bjørn & Fin -
stad 1997), and may cause substantial damage to its
host when present in high numbers (Bjørn & Finstad
1997, Wells et al. 2006, Thorstad et al. 2015). In Nor-
way, salmon lice from fish farms has been documented
to be one of the major threats to wild salmon popula-
tions (Forseth et al. 2012). The Norwegian government
has expressed the ambition of a 5-fold increase in pro-
duction in the Norwegian aquaculture industry by
2050 (Guttormsen 2017). To amend potential environ-
mental impacts of this increase, a new policy system
has been designed, called the traffic light system
(Vollset et al. 2017a). The Norwegian coastline has
been split up into zones, each to be managed inde-
pendently based on environmental indicators that de-
fine the environmental status of each zone (Guttorm-
sen 2017). Impact severity of salmon lice on wild
salmonids is one of these environmental indicators
(Guttormsen 2017). The impact severity is quantified
through risk assessments based on data from a na-
tional surveillance programme, monitoring the level
of salmon lice on wild populations of salmonids along
the Norwegian coastline (Taranger et al. 2015). As
with any monitoring programme, there are limitations
to the data, i.e. whether it is representative of the nat-
ural population. In addition, data on the abundance of
salmon lice on sea trout is currently being used as a
proxy for the infestation pressure on wild salmon S.
salar post-smolts, due to the varying success and high
costs re lated to the methods used to catch salmon
post-smolts for surveying of lice occurrence (Taranger
et al. 2015, Vollset et al. 2017b). Consequently, under-
standing how louse abundance on sea trout is im-
pacted by the behaviour of the host is important to be
able to link survey data to population-level effects on
salmonids.
In areas with high infestation pressure of salmon
lice, sea trout with high abundances of the parasite
tend to return prematurely to freshwater, often just
days or weeks post their emigration from the river
(Birkeland & Jakobsen 1997, Thorstad et al. 2015).
Although premature return relieves fish of osmoreg-
ulatory stress and aids in shedding the lice, as a
result of lice having low tolerance to freshwater (Fin-
stad et al. 1995, Bricknell et al. 2006, Wright et al.
2016), it also represents loss of time at sea. This in
turn affects the growth of the trout due to loss of for-
aging opportunities, leading to reduced fecundity
and reproductive success (Birkeland 1996). However,
rivers are not the only possible source of freshwater
for sea trout. The high input of freshwater in the
inner parts of a fjord system may cause a vertical
stratification of the water, where lighter freshwater
lies on top of the higher-density saltwater. Sea trout
can potentially exploit this top layer of freshwater,
triggered by the same mechanisms that cause them
to return prematurely. For example, Helland et al.
(2015) found that salmonid fish were less likely to
have increased infestation levels when abundant
freshwater run-off was close to the sampling area.
This indicates that the overall prevalence of fresh-
water in a fjord may influence the abundance of lice
on wild salmonid fish. Halttunen et al. (2017) found,
using acoustic transmitters, that sea trout positioned
themselves in shallower waters and closer to the river
in years when salmon louse infestation pressure from
fish farms was high, with no difference between the
sea trout treated prophylactically against salmon lice
and those not treated between years. Serra-Llinares
et al. (2020) recently attempted to reverse this study
de sign by releasing artificially infested sea trout
tagged with acoustic transmitter tags into an area
without fish farms, finding similar patterns, with in-
fested fish spending less time in more saline waters.
However, a criticism of these acoustic telemetry
studies that try to link sea louse infestations to fish
behaviour is that they (1) lacked fine-scale sampling
of the environmental factors and (2) cannot deter-
mine the ultimate fate of the salmon lice present on
the fish at the start of the study. The aim of the pres-
ent study was therefore to investigate the role of
salmon lice as a factor in the vertical positioning of
sea trout at sea in a semi-controlled environment and
how this behaviour may impact the lice abundance
on the fish. The behaviour of 48 sea trout naturally
infested with salmon lice was quantified by tracking
their vertical positioning while kept inside a small
net-pen. Depth data were subsequently linked to
fine-scale data on light intensity, salinity, tempera-
ture, salmon lice abundance on individual trout, and
salmon louse-related damage.
2.  MATERIALS AND METHODS
2.1.  Study area and design
The study was located in Herdle fjorden, in the
county Hordaland, ca. 25 km northwest of Bergen
(Norway). Horda land is a county with high aquacul-
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ture intensity, with 176 active salmonid aquaculture
facilities present during 2017 (Norwegian Direc-
torate of Fisheries, https: // www.fiskeridir.no/English/
Aquaculture/ Statistics/ Atlantic-salmon-and-rainbow-
trout). The specific location of the study was a shel-
tered bay in the northern part of the fjord (60.571° N,
5.016° E), where there is a high level of freshwater
impact due to 2 small river outlets nearby (see Fig. S1
in the Supplement at www. int-res. com/ articles/ suppl/
q012 p215_ supp. pdf). The study was conducted in a
5 m deep net-pen (4 × 4 × 5 m). Four sea trials were
conducted between 10 May and 25 June, each last-
ing 8−11 d (Table 1). In each trial, the pen was
stocked with 12 sea trout Salmo trutta with surgically
implanted acoustic depth sensors (see below). The
project was approved by the National Animal Wel-
fare Committee (application no. 11838).
2.2.  Fish handling
Fish were caught in 2 trap nets, a passive fishing
gear. The trap net design mainly consists of a fine
meshed leading net attached to shore with a cham-
ber in the end and is further described in Barlaup et
al. (2013). The trapping chamber was checked and
emptied every 24 h. Upon capture, individual fish
were first anaesthetized (80 mg l−1 tricaine methane -
sulfonate; Finquel vet, Scan Aqua). We then meas-
ured the mass (g) and total length (mm) of the fish,
before tagging it. A total of 48 sea trout (Table 2)
were tagged with an acoustic tag with a depth sensor
(Thelmabiotel ADT-LP-7,3, transmit interval: 30−90 s,
lifetime: 150 d, resolution: 10 cm). To oxygenate the
fish and to ensure that the fish was anaesthetized
through the whole procedure, sea water with a tri-
caine concentration of 40 mg l−1 was continuously
flushed over the gills using a ca. 2 m long silicone
tube. A small incision (approximately 10 mm long)
was made mid-ventrally just anterior to the pelvic
girdle or posterior to the pectoral fins with a sterile
scalpel (Swann-Morton no. 12). The tag was pre-ster-
ilized with 96% ethanol, then inserted into the
abdominal cavity. The incision was closed with 2
monofilament non-absorbable sutures (EH7144H),
together with tissue adhesive (Histo acryl). After the
first trial, we began using a broad-spectrum antibi-
otic cream (Terramycin-Polymyxin B) to reduce the
risk of potential bacterial infections in the wound.
The tag was coated wth a thin layer of the cream
prior to implantation. Lastly, to reduce uncertainty
related to handling-induced louse de tachment, each
of the sal mon lice Lepeophtheirus salmonis present
was counted and identified to one of the following
life stages: copepodid, chalimus 1, chalimus 2, pread-
ult (no distinguishing of sex), adult male, or adult
fe male. Individuals of another louse species, Caligus
elongatus, were also counted, but without identi fying
life stage or sex. Skin damage associated with the
lice was quantified by a scoring system of 0−3
(Table S1).
Tag detections were recorded with 6 Vemco
acoustic receivers (VR2W-69kHz) attached to the
outside of the net-pen framework. As we wanted 12
fish with minimum variance in size, the fish some-
times had to be tagged over several days, due to insuf-
ficient catches in the trap nets. During transportation
between the trap nets, the tagging location, and the
net-pen, and for storage during tagging, fish were
kept in a tub with a constant supply of water. The fish
handling was done as efficiently as possible. The
specific handling time varied depending on catches.
Time from capture to release never ex ceeded 4 h,
while the time from sedation to placement into a recov-
ery tank was approximately 10 min. Sea lice counting
increased the time during sedation and contributed
to the handling time being somewhat longer than
normal for these operations. The fish were transported
and released inside the net-pen immedi-
ately after all handling procedures were
carried out.
At the end of each trial, fish were
killed with an overdose of tricaine and
a blow to the head. Louse abundance
and damage, fish mass, and fish length
were then carefully registered in an
identical procedure to the one applied
during tagging, but in the opposite
order. Blood samples were also col-
lected from each fish in Trials 2, 3, and
4 before the tag was retrieved for reuse
in the following trials. Blood samples
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Trial    Start date      Stop date     Mean ± SD   Mean ± SD    Mean ± SD 
                                                          surface          surface           surface 
                                                      temperature     salinity     light intensity 
                                                             (°C)               (ppt)        (µmol s–1 m–2)
1         2017-05-10    2017-05-17     11.2 ± 0.8      19.3 ± 3.5        375 ± 562
2         2017-05-22    2017-06-01     14.1 ± 1.0      17.1 ± 1.7        517 ± 674
3         2017-06-02    2017-06-12     13.6 ± 0.7      15.3 ± 1.7        308 ± 433
4         2017-06-15    2017-06-25     14.3 ± 0.8      13.2 ± 2.3        336 ± 476
Table 1. Key environmental information for the 4 trials. Temperature and
salinity data were sampled throughout the whole study period at 0.2 m depth
using loggers. Light measurements were downloaded from a meteorological 
station (University of Bergen, Norway). Dates are yr-mo-d
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were taken from the caudal blood vessels. Haemato -
crit (Hct) and leukocrit (Lct) levels were determined
to be able to readily identify individuals compro-
mised by leaky incisions (low Hct) and/or secondary
infections (abnormal Lct). Fish were not fed during
the trials.
2.3.  Quantification of abiotic factors
Conductivity and temperature were logged
continuously during all 4 trials with the use of 5
loggers (Solinst, Levelogger Edge 3003) at depths
of 0.2, 0.5, 1, 2.5, and 5 m. Loggers were attached
to a rope at the defined depth intervals and pro-
grammed to record conductivity and temperature
every 5 min. The rope was attached to the top
frame of the net-pen at one end and had an an-
chor (approximately 2 kg) attached at the other
end. The data were linked to the time and depth
of the individual registrations to estimate the con-
ditions experienced by the fish. Conductivity
data was converted to salinity using the package
marelac (Soetaert et al. 2016) in RStudio (R Core
Team 2014). Pressure was set to 0, as no data on
pressure was obtained, and it also did not seem to
serve as a major factor for salinity when testing
different values for the variable.
For light measurements, a light sensor logger
(LI-COR Environmental, LI-1500) was used to-
gether with an underwater quantum sensor (LI-
192). Light intensity was measured at 1 m depth
 intervals (0, 1, 2, 3, 4, and 5 m) at 3 different loca-
tions inside the net-pen at the start of each new
trial, in 3 of the 4 trials (2017.06.22, 2017.06.02, and
2017.06.15). The quantum sensor was mounted to
a 2009S Lowering Frame with the sensor facing
upwards. The depth of each measurement was es-
timated by matching pre-measured tape markings
with an interval of 1 m on the attached rope with
the water surface. The measurements were used
to calculate the light attenuation constant k using
the Beer-Lambert law equation:
ID = I0 e–k · D (1)
where D is a specific depth, ID is the correspon-
ding light intensity at this depth, I0 represents
surface light intensity, and k is the light attenua-
tion coefficient. Calculations were done for each
set of measurements (3 replications of 0− 5 m).
The k from trial 2 (k = 0.38) was excluded from
further analysis, since it deviated from k in Trials
3 and 4 (k = 0.71 and k = 0.69, respectively).
Data on surface light intensity was downloaded
from a meteorological station owned by the geo-
physical institute at the University of Bergen (Været
i Bergen; https://veret.gfi.uib.no/). The data had a
10 min resolution and was used to model the light
intensity at different depths, together with the mean k
from Trials 3 and 4, again using the Beer-Lambert law
equation, our Eq. (1).
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Fish  Trial   Survival Weight Length Lice abundance     Hct 
ID                    (0/1)         (g)       (mm)    Attached Mobile   (%)
110       1            0            205       302             8              7          
111       1            0            447       400           81            57          
112       1            1            493       397           28            78          
113       1            0            483       386             7            11          
114       1            1            791       440             5            40          
115       1            1            355       360           45            19          
116       1            1            278       325           22            40          
117       1            0            247       320           12            12          
118       1            1            590       425             9            28          
119       1            1            805       450           19            49          
121       1            0            361       370             0              9          
210       2            0            393       370             6            10          
211       2            1            507       410           24            80       30.8
212       2            1            366       355           37            28       41.5
213       2            1          1424       550         139            58       46.8
214       2            1            210       300           24              5       21.7
215       2            0            759       425           33            27          
216       2            1            714       417             9            10       37.7
217       2            1            760       430             5            36       34.4
218       2            0            388       368             4            10          
219       2            1            382       351           16              9       47.0
220       2            1            441       376           15              1       39.5
221       2            0            760       435         129            12          
310       3            1            330       330           12            22       39.4
311       3            1            523       410             4            20       37.2
312       3            1            346       340           19            25       43.1
313       3            1            243       316             0            20       7.1
314       3            1            236       300           75            35       29.0
315       3            1            216       306           41            35       11.2
316       3            1            719       425         114            34       42.3
317       3            1            464       379           46            83       40.1
318       3            1            655       410           42            42       43.4
319       3            1            603       430           11            59       33.5
320       3            1          1299       500             2            34       41.7
321       3            1            468       378           42            54       50.5
410       4            1            702       432             7            24       40.3
411       4            1            757       442           17            32       40.5
412       4            0            502       393           52            30          
413       4            0            208       289             5              8          
414       4            1       >2000       530         187          112       45.4
415       4            1            580       415             9            44       45.9
416       4            1            314       330             1              9       41.7
417       4            1            516       384           20            35       39.5
418       4            1            585       413             2            24       41.3
419       4            1            375       355           61            32       34.7
420       4            1            498       379             1            16       45.3
421       4            0            301       313             1            11
Table 2. Key measurements of all fish (sea trout Salmo trutta).
Missing values indicates missing data. Survival: 0 = died during
the trial, 1 = survived the trial. Htc: haematocrit. Lice abundance: 
Lepeophtheirus salmonis
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2.4.  Data filtering
Before initiation of the study, tags were tested at
the water surface for accurate calibration. Ten out of
12 tags needed further calibration, which was done
by subtracting the offset detected in the surface test
from all sensor values. Calibrations were controlled
by filtering detections for negative values. Nine tags
(numbered 10, 11, 12, 13, 14, 15, 17, 18, and 21) had
negative sensor values and were hence recalibrated
by subtracting the equivalent positive value from the
original offset value. No further range tests were car-
ried out, as this was deemed unnecessary due to the
size of the study area and the density of receivers.
A total of 851 230 detections of vertical positioning
were registered and downloaded from 6 receivers
throughout the full study period. Of these, some were
discarded due to false transmitter identification (ID)
codes. Any visit made to the location was classified as
a disturbance. Disturbances to the study were logged,
and all data within the trial of the disturbance (start of
disturbance minus 15 min to end of disturbance plus
15 min) was flagged in the dataset and excluded from
the analysis. Fish that died during the study period
were flagged in the dataset (12 fish) and excluded
from further analysis. Individuals showed signs of
stress-induced behaviour at the beginning of each
trial, as seen in individual plots of depth use (see
Fig. S2a−d). Therefore, a recovery time of 2 d was
used and detections within this time period were
flagged in the dataset and excluded from further
analysis. Two fish (IDs 313 and 315) from Trial 3 were
also flagged due to critically low Hct levels (7.1 and
11.2%, respectively). Hence, after this filtering, a
total of 473 996 detections (56%) among 35 individu-
als with their associated biotic and abiotic sample val-
ues remained for statistical modelling and analysis.
2.5.  Data analysis
Data were analyzed according to Zuur et al. (2009),
using R. A linear mixed-effects model (Gałecki &
Burzy kowski 2013) was used to model depth use of
the sea trout. On the basis of the a priori hypothesis
on salinity being the main driving force in the poten-
tial relationship between depth and louse abundance,
we considered whether experienced salinity would
be a better response factor for testing the hypo thesis.
However, this was outweighed by the high resolution
of the depth measurements compared to that of the
salinity data, as the factors also are strongly corre-
lated. The ID of each fish, hence the individual fish,
was used to define a random intercept. Vertical posi-
tioning in terms of water depth was log transformed
due to behavioural re sponses being skewed towards
the surface, with fewer observations of ‘dives’
towards the lower part of the net-pen. In this analysis,
mean number of lice per gram of fish between the
first and second estimations, fish length, surface tem-
perature (sampled at 0.2 m depth), surface salinity
(sampled at 0.2 m depth), and surface light were in-
cluded as explanatory variables. The linearity be-
tween depth and the 4 explanatory variables was ex-
plored using smooth spline plots. It was decided to
log transform the louse variable, as there appeared to
be a log–log relationship be tween depth use and lice.
The same was done for fish length and surface light.
The others were kept linear, as there were no clear
patterns in the data. Temperature and salinity at
other depths, or the difference be tween surface and
bottom depth, were explored as explanatory vari-
ables, but could not be included due to strong corre-
lation with the surface measurements.
Fine-scale behaviour was explored by looking at
histo grams of changes in depth (delta) from one de -
tection to the next. Out of the 473 996 detections,
462 848 showed a delta ≤1, meaning that the fish re -
mained within a 1 m interval of water depth in 97.7% of
all time intervals of the dataset. To synchronize the fre-
quencies of variables, observations for vertical posi-
tioning were averaged across every 10 min to do obser-
vations on the finest scale according to the ex planatory
variables (i.e. light measurements had 10 min inter-
vals) (33 144 detections). Since the observations were
autocorrelated (i.e. an observation at one time step was
strongly correlated to the observation at the next time
step), a serial autocorrelation structure was explored
(AR1). For model selection, the Aikake information cri-
terion (AIC) was then ap plied to compare this model to
a variant with no lag structure (Burnham & Anderson
2002). The AIC clearly suggested that a model includ-
ing AR1 was superior. However, the autocorrelation in
the current model did not decay as fast as the AR1
model. Thus, it was de cided to explore more complex
autoregressive-moving average (ARMA) functions
with deeper lag structures. However, although more
complex models did reduce AIC values, they did not
influence parameter estimates and their variance.
Consequently, the simple AR1 model was selected.
The full model was tested with 3 different louse pa-
rameters: total lice per gram of fish, mobile lice per
gram of fish, and score of louse-caused damage, and
compared using the likelihood ratio test in R (R Core
Team 2014). The model with the best fit became the
target of further selection by using the dredge
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function in the MuMIn package (Bartoń 2018) in R (R
Core Team 2014). Further interactions, according to
the a priori hypotheses, were tested by comparing
AIC, again by the use of likelihood ratio tests.
Change in louse abundance from initiation to ter-
mination of each trial was modelled using a general-
ized linear model (GLM), predicting louse abun-
dance at termination according to a priori-decided
parameters, with data averaged across individuals
(n = 35). End-of-trial total louse abundance, end-of-
trial abundance of louse mobile stages, and end-of-
trial abundance of attached stages were modelled
separately, and parameters included start-of-trial
total louse abundance, start-of-trial mobile louse
abundance, start-of-trial attached louse abundance,
mean experienced salinity, mean experienced tem-
perature, and surface salinity. Fish mass was also in -
cluded as a predictor. No interactions were included,
as we deemed the dataset insufficient. Selection in
all models was done using the dredge function in R
(R Core Team 2014).
A total of 12 fish died during the study: 5 in Trial 1,
4 in Trial 2, and 3 in Trial 4. A GLM binomial model
was explored to evaluate what factors were causative
of the mortality, but due to the low sample size, the
power of the analysis was too low to reveal any pat-
tern. It was not evident that the fish that died experi-
enced particularly high levels of salmon lice.
3.  RESULTS
3.1.  Temperature and salinity
Salinity decreased throughout the study from a
mean of 19.3 ppt in the first trial to 13.2 ppt in the last
(Fig. 1a, Table 1). In contrast, temperature increased
from a mean of 11.2°C in the first trial to 14.3°C in the
last trial (Fig. 1b, Table 1)
3.2.  Depth preference
Fish that died exhibited a deviating vertical behav-
iour (Fig. 2), probably explained by stress, as the
same tendencies were seen during the 2 d time
period set as recovery time (Figs. 3 & 4). In Trial 3, the
fish generally seemed less stressed, as less deviation
at depth registrations were seen in this time period
(Fig. S2c). This was also the only trial where none of
the fish died during the experiment. This could not
be linked to anything specific, as the methodology
was the same in all trials. The observed data showed
that the sea trout, in general, had a very narrow
depth range, spending over 80% of their time above
2.5 m. By plotting the depth registrations, it also be -
came evident that sea trout exhibited diel migrations,
staying in slightly shallower depths during the night
and deeper during the day (mean depth: 0.63 and
0.77 m, respectively).
All 3 louse parameters were examined separately,
and mobile lice turned out to be the most significant
predictor and therefore used in further model selec-
tion. According to the top model (Table 3), mobile
lice (p = 0.033) and surface temperature (p < 0.001)
had a negative effect on depth. This im plies that fish
occupied shallower depths with greater louse counts
and temperature values, while surface light had a
slight positive effect (p = 0.012), meaning that the fish
inhabited deeper habitat when light intensities were
high. In addition, surface salinity (p = 0.135) was
included in the top model, despite not being signifi-
cant (p > 0.05). The parameter estimate was positive,
meaning that fish swam shallower with low surface
salinities.
These results also coincided well with the initial
patterns observed in the raw data for both tempera-
ture and lice, but less for light, as there seemed to be
a stronger relationship in the data than what showed
up in the top model (Fig. 3). The same applied to the
effect of surface salinity. A reason for this lack of pat-
tern was most likely due to the most important com-
ponent of the top model being the random effect of
the individual, which was highly variable (Table 3),
illustrated as the different grey lines in Fig. 3. These
results indicate that the different individuals’ overall
choice played a larger part in depth preference than
the response to environmental factors. The conse-
quence was a model that seemed to be less sensitive
to environmental factors than what was expected
after plotting of the observed data (Figs. 4 & 5).
Another critical point was also that the top model
seemingly did a poor job in predicting occurrences of
sporadic dives into deep sections of the cage. To illus-
trate this, the observed depth was compared with the
depth predicted by the top model using violin plots
(Fig. S3a,b). However, the model did distinguish
between the categories defined by the abundance of
mobile lice, showing that highly in fested individuals
stayed closer to the surface.
3.3.  Impact on louse level
The average reduction in louse level during the
trial period was large in all 4 trials (68 ± 58 to 35 ± 18
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lice fish−1, mean ± SD). This was illustrated by plotting
individual louse counts at initiation and termination
against each other (Fig. 6a). Most fell beneath the 1:1
line (Fig. 6a), while only a few individuals re cruited
lice (i.e. were above the 1:1 line). The same applies
when looking at just the mobile stages, with slightly
more recruitment (Fig. 6b). For attached stages
(Fig. 6c), all individuals fell beneath or on the 1:1 line.
When modelling end-of-trial louse abundance, fish
mass turned up as a predictor for all stages of louse
development (Table 4). The parameter estimate was
positive in all top models, implying that higher mass
of the fish was associated with higher levels of lice.
All 5 top models in all selection sets included lice at
the start (Table S2b). The parameter estimates were
positive and consistent in size in all 5 models, mean-
ing that more lice at the start contributed to more lice
at the end. When modelling for the end-of-trial abun-
dance of mobile lice, the top model included both the
start-of-trial abundance of mobile and attached louse
stages (Table S2b, model selection 3). Both parame-
ter estimates were positive and consistent in size in
all models, but the estimate for mobile lice was more
than twice the size of the one for attached louse
stages. Hence, mobile lice was the primary predictor,
but attached lice also played a part, likely due to
recruitment of attached lice into mobile stages with
time. For the model selection for the end-of-trial
abundance of attached lice, start-of-trial attached
louse abundance was included in all 5 models, with a
parameter estimate that was positive and consistent
in size throughout all models (Table S2b, model
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Fig. 1. Mean daily (a) salinity and (b) temperature at 0.2−5 m depth throughout the whole study period (10 May to 25 June 2017);
and depth plotted against mean (c) salinity and (d) temperature for each of the 4 trials. Number at the top of the data line in (c)
and (d) represents the range between the uppermost (0.2 m) and lowermost (5 m) sample depths for each trial. Shaded areas in 
(a) and (b) indicate the 4 trial periods
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selection 4). Also, start-of-trial mobile louse abun-
dance was included as a predictor in 2 of the 5 mod-
els, including the top model. The estimate was small
and negative, meaning lower values of end-of-trial
attached louse abundance when there were high val-
ues of start-of-trial mobile louse abundance.
Surface salinity was included in 3 of the 5 top mod-
els for end-of-trial total louse abundance, and in all 5
models for end-of-trial mobile louse abundance,
including the top model in both model selection sets
(p < 0.01). It was more or less consistent in size and
positive in both cases, meaning there were higher
values of total louse abundance and mobile louse
abundance at the end of trials when the surface salin-
ity was high, and vice versa.
Experienced temperature was included as a para -
meter in model selections 1 and 2 (Table S2b) for
start-of-trial total abundance and start-of-trial at -
tached louse abundance. The parameter estimate
was negative in both cases, showing that there were
less lice at the end of the experiment when tempera-
tures were high. For end-of-trial attached louse
abundance, it was found in all 5 models, including
the top model when strongly influential individuals
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Fig. 2. Vertical distribution of Salmo trutta. Grey points represent data excluded from the analysis either due to mortality, re-
covery period, or disturbances of the area. See details on data filtering in section 2.4. (a) Fish 210, (b) Fish 220, (c) Fish 419. 
See Table 2 for more details on the individual fish
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(IDs 115 and 414) were kept in the data. When re -
moved, end-of-trial attached louse abundance was
ex cluded as a predictor from 3 out of 5 models, in -
cluding the top model, and the whole model seem-
ingly collapsed. For end-of-trial total louse abun-
dance, surface temperature was found in 3 out of the
5 best models, including the second-best model. The
change in AIC (ΔAIC) from the top model was low,
but including it changed the intercept significantly
(from −33.540 to 75.370). This could indicate lack of
robustness or stability in parts of the model. As total
louse abundance was a function of attached and
mobile louse abundance, the effect of removing the
influential individuals in the modelling of end-of-trial
total louse abundance was explored. When doing so,
surface salinity was excluded from the top model,
while experienced temperature came up as a predic-
tor in all models, including the top model. In Fig. S4,
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Fig. 3. Plots of predicted Salmo trutta depth against the 4 parameters: (a) mobile lice per gram of fish (LiMOB), (b) surface tempera-
ture (Ttup), (c) surface light intensity (logCt), and (d) surface salinity (Stup), included in the best-fitting model for depth use (Table 3), 
fitted with a smoothing line (black)
Fig. 4. Raw data of Salmo trutta depth registrations (grey) plotted against the 4 parameters: (a) mobile lice per gram of fish (LiMOB),
(b) surface temperature (Ttup), (c) surface light intensity (logCt), and (d) surface salinity (Stup), included in the best-fitting model for 
depth use (Table 3), fitted with a smoothing line (black)
Top model, logDit~                 Estimate                        p
Fixed effects
β0                                             0.363                     0.052
logCt                                      8.8 × 10–6                   0.012
Ttup                                           −0.022                     <0.001
logLiMOB                                   −0.134                     0.033
Stup                                           0.003                     0.135
Random effects                                                               
SD β0                                        0.184                            
Autocorrelation                           Phi                              
AR1
Table 3. Analysis of Salmo trutta swimming depth (Dit). Top
model from model selection 1 (Table S2a in the Supplement),
where β0 is the intercept, Ct is surface light intensity, Ttup is
surface temperature (0.2 m), Stup is surface salinity (0.2 m),
and LiMOB is mobile lice per gram of fish. i: variation in the
factor across individuals; t: variation across time; SD: stan-
dard deviation; Phi: correlation coefficient. AR1 is the same 
autocorrelation structure as described in section 2.5
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the effect of salinity on total and mobile lice, and the
effect of temperature on attached lice is illustrated by
residual plots.
4.  DISCUSSION
4.1.  Main findings
The aim of this study was to document how sea
trout behave in a natural halocline when infested
with salmon lice. Sea trout in this study had a narrow
depth range, but responded to surface temperature,
light intensity, and mobile stages of salmon lice, by
swimming shallower with high temperatures, high
abundances of mobile lice, and low light intensities.
However, individual variation in depth preference
was much larger than the effect of infestation levels,
with some individuals choosing to stay at deeper
depths (and more-saline water) even though they
had a high number of lice. This individual preference
has also been recognized for trout studied in their
natural habitat (Kristensen et al. 2019).
The present study also aimed to investigate the
potential change in lice abundance on sea trout
when only allowed to displace vertically according to
the conditions in a natural halocline. The number of
lice on the sea trout generally decreased during the
trials. After correcting for initial abundances of lice, it
was clear that the presence of low-salinity surface
water decreased the number of lice. As surface salin-
ity explained this reduction better than the experi-
enced salinity of the individual, it suggests that short
exposure to very low salinities, rather than long-term
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Fig. 5. Observed vertical distribution (black dots) of Salmo trutta, fish 220 (1 mobile louse at the initiation of the experiment,
see Table 2), after data filtration (see Section 2.4). Grey line: the vertical distribution predicted by the chosen fitting model 
(Table 3) for the same individual. The data has been retransformed from log to normal distribution
Fig. 6. Cross-plot of end-of-trial vs. start-of-trial louse abundance on Salmo trutta, for (a) all louse stages, (b) mobile louse
stages, and (c) attached louse stages, fitted with a smoothing line (solid black line) and estimated confidence intervals (shaded 
grey). Dashed line represents 1:1 line (i.e. no change from start to end)
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exposure to moderate salinities, is the driving force
behind the effect of haloclines on the decrease in lice
numbers. Additionally, high temperature decreased
the number of attached lice. Since temperature
increases the developmental rate of sea lice (Stien et
al. 2005), this effect is most likely a result of the
increased moulting rate from attached to mobile
stages during the trials.
The behaviour of the fish within the depth range of
the net-pen used in the current study may not be
entirely representative of real-life behaviour, where
the fish inhabit a larger vertical realm. Nevertheless,
our findings are reasonably consistent with those
from earlier studies of fish in their natural habitat
(Lyse et al. 1998, Rikardsen et al. 2007, Eldøy et al.
2017, Kristensen et al. 2018).
The fish that survived the trials showed deviating
behaviour, resembling stress, the first 2 d after
release in the net-pen. Rikardsen et al. (2007) also
found that fish showed deviating behaviour in the
period just after release. They explained this by the
switch in habitat, from freshwater to saline, and indi-
viduals spending less than 2 d at sea before recap-
ture were therefore removed from the analysis.
Rikard sen et al. (2007) did not mention the potential
effect of tagging, which is one of the hypothesized
explanations for the deviating behaviour seen in the
current study, the other being stress induced by the
enclosure of the net-pen (confinement). Due to the
lack of a control group, in both Rikardsen et al. (2007)
and the current study, the ultimate cause cannot be
settled with certainty. The same behaviour was rec-
ognized for an extended period of time for the fish
that died during the trials. Kristensen et al. (2019),
studying trout in their natural habitat, also found a
difference in behaviour when comparing survivors of
marine migration with non-survivors.
Light had a significant, albeit small effect, on verti-
cal positioning of the sea trout. Light intensity is an
important factor when studying depth preference, as
light is the main limiting factor for vision, which most
fish, including sea trout, are dependent on when
locating food and avoiding predators (Bone & Moore
2008). Good light conditions make for good foraging
conditions, as food is easy to detect, both for the indi-
vidual and for predators. Hence, fish face a trade-off
be tween feeding and predator avoidance (Magn-
hagen et al. 2008). A common solution to this prob-
lem is to only occupy the shallow waters with high
light intensities when feeding and relocate at greater
depths the rest of the time to minimize the risk of
being eaten (Magnhagen et al. 2008). This is the driv-
ing mechanism behind the behaviour known as diel
vertical migration (DVM), which has been observed
for sea trout in Rikardsen et al. (2007) and later con-
firmed by a more recent study by Eldøy et al. (2017).
Even though data on light intensity was not collected
at our study site, introducing a potential source of
error, the DVM was seemingly prominent when
looking at the raw data. Nevertheless, the model
parameter of the top model only predicted a very
small shift in vertical positioning when light changed
throughout the day. Several factors could explain the
lack of prominence of this pattern in the current top
model, one being the individual variation. Also, the
data on surface light intensity was log-transformed in
the top model. The relevance of this was tested by fit-
ting the same model with no log transformation of
surface light. The difference in parameter estimates
and AIC was minimal, and hence the log transforma-
tion was deemed trivial in this context. Another
explanation could be the fact that the depth data was
log transformed as well. This was our solution for
dealing with the data being aggregated close to the
surface and not having negative values, drawing on
the methodological response to the same challenge
in previous studies like Eldøy et al. (2017). This
approach implies less emphasis on the extreme val-
ues in the data distribution, the values that seemed to
be highly correlated with high surface light intensi-
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                                                Estimate                        p
Top model, LiTOT2 ~
β0                                              −36.686                    0.007
LiTOT1                                         0.223                    <0.001
⎯Stup                                            3.345                    <0.001
Wi                                              0.006                    0.326
Top model, LiMOB2 ~
β0                                              −33.854                    0.019
LiATT1                                         0.142                    0.015
LiMOB1                                        0.341                    <0.001
⎯Stup                                            2.845                    0.002
Wi                                              0.007                    0.310
Top model, LiATT2 ~                                                         
β0                                               25.295                     0.001
LiATT1                                          0.052                     0.008
LiMOB1                                         −0.046                     0.136
⎯TiEXP                                           −1.660                     0.004
Wi                                              −0.001                     0.482
Table 4. Analysis of end-of-trial louse abundance for all
stages (LiTOT), mobile stages (LiMOB), and attached stages
 (LiATT). Top model from model selections 2a, 3, and 4a
(Table S2b), where β0 is the intercept,⎯TiEXP is averaged ex-
perienced temperature,⎯Stup is averaged surface salinity (0.2
m), and Wi is mean mass of start and end sample. i: variation
in the factor across individuals; t: variation across time; su-
perscripted 1 (start) and 2 (end) denote time of sampling
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ties, and hence potentially remove the pattern from
the data. The result was a model that seemingly did a
poor job in predicting occurrences of sporadic dives
into deep sections of the cage during the day. It
therefore seems clear that sea trout vertical behav-
iour is affected by light, but not in a fashion that can
be easily predicted by a linear model.
The top model did distinguish between the cate-
gories defined by the abundance of mobile lice,
showing that more highly-infested individuals tended
to stay closer to the surface. When looking at the ob-
served data, the diving behaviour that was hypo -
thesized to be a response to light was less prominent
in the highly-infected individuals. Judging by the
size of the parameter estimate, louse abundance
seemed to be the best predictor of depth preference.
This influence of lice on fish depth preference should
be interpreted with caution, as several factors may
weaken the pattern through the analysis, including
individual variation and the lack of controls. Salmon
lice are known to be the trigger of premature return
to rivers during summer months (Birke land 1996,
Birkeland & Jakobsen 1997). The pheno menon is in-
terpreted as a behavioural adaptation strategy to ac-
commodate the osmoregulatory stress caused by the
salmon lice (Birkeland 1996, Birkeland & Jakobsen
1997, Wells et al. 2007). As there was a strong correla-
tion between salinity and depth, with salinities in-
creasing with depth, the active use of freshwater
refuge at the surface could be the underlying cause
for the negative relationship between depth and
abundance of mobile lice.
Surface salinity proved a better predictor for reduc-
tion in lice rather than estimated experienced salinity
throughout the study period. This suggests that
short-term exposure to low salinities, rather than
long-term exposure to moderate salinities, is the
driving force behind the salinity-driven reduction in
lice. Consequently, sea trout can adaptively affect
their parasite abundance by staying in the surface
layer. Earlier findings on the specific freshwater tol-
erance of salmon lice are rather conflicting. Finstad
et al. (1995) found that lice could survive on fish for
up to 3 wk in freshwater, with no significant differ-
ence between stages, while Wright et al. (2016)
found that smaller attached stages died after only 2 h
of freshwater exposure, while larger attached stages
could survive for up to 8 d. This might reflect the dif-
ference in tolerance based on what species the lice
are attached to, as Finstad et al. (1995) studied Arctic
charr Salvelinus alpinus, while Wright et al. (2016)
carried out the experiment with Atlantic salmon Sal -
mo salar. Similar experiments with sea trout S. trutta
are yet to be done. In contrast to our study, both of the
above-mentioned were done in 0 ppt salinity. On the
other hand, Bricknell et al. (2006) carried out similar
experiments using environmental salinity concentra-
tions. They found that both survival and host infectiv-
ity of salmon lice was greatly compromised by expo-
sure to reduced salinity, which could be supported by
our findings. The results of our study also coincide
with earlier studies where fish caught in the inner
part of fjord systems, with high freshwater impact,
were found to have less lice than fish caught further
out (Helland et al. 2015). Staying in the surface layer
represents an increased risk of predation and loss of
foraging opportunity, so this risk must be outweighed
by the gain of reducing louse abundance and coun-
teracting osmoregulatory stress or imbalance (Birke-
land 1996). All sea trout in the study had lice and this
may therefore explain the inclusion of surface salin-
ity in the top model for depth selection.
Highly-infested sea trout had a shallower depth
preference compared to sea trout with lower infesta-
tion levels. Mobile louse abundance was a better pre-
dictor of depth preference than the total abundance
of all louse stages. The epidemiology of salmon lice
could explain this. Osmotic and ionic imbalance in
the form of an increase in plasma chloride levels,
caused by lesions in the skin, has been ob served
when lice reach the chalimus stage (Bjørn & Finstad
1997). However, these effects are more dramatic
when lice reach the preadult and adult life stages
(Bjørn & Finstad 1997, Wells et al. 2006, 2007), which
also marks a dramatic increase in virulence. The
abundance of lice is also found to be positively corre-
lated with the severity of osmoregulatory stress in the
fish, indicated by a rise in plasma chloride levels
(Bjørn & Finstad 1997). Hence, it is in line with earlier
findings that mobile louse stages possibly have a
more substantial impact on the fish than at tached
louse stages. However, there are limitations that
have to be taken into account when interpreting the
results, including the lack of an uninfected group of
controls. As we were dependent on the use of wild-
caught fish for this study, this option was ruled out, as
we did not succeed in catching any uninfected fish
during the timespan of the study.
An interaction between surface salinity and mobile
louse abundance might be expected, because sur-
face salinity should have a larger impact on depth
preference of individual fish with high abundances
of lice. However, although the fresher water at the
surface may reduce the impact of lice, there is also a
cost to being surface-oriented (Magnhagen et al.
2008). This creates a classic behavioural trade-off
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that each individual has to face as the severity of lice
infestations increase. In our study, the model without
the interactions outperformed the one including
inter actions. Hence, the study failed to support the
presence of any interactions. Limitations of the study
design, such as small samples of individuals with low
lice values, and uneven (overdispersed) lice abun-
dance, could affect the ability to detect interactions in
the data. Also, the effect of tagging as an osmoregu-
latory stressor, and hence the cause of the relation-
ship between depth preference and surface salinity,
could not be ruled out due to the lack of control fish
without tags. This is the nature of any tagging study,
as there are great challenges related to obtaining
data without the use of tags. Even so, the results sug-
gest that the effect of lice was generally that fish
swam in shallower depths regardless of the degree of
surface salinity, and that they swam shallower when
surface salinity was lower regardless of lice intensity.
Sea trout was found closer to the surface as temper-
ature increased in our study. Temperature can have a
large effect on physiological processes in animals,
including fish. There have been several studies on
the preferred temperature of trout, and the results
are not unequivocal. While Larsson (2005) reported a
thermal preference of 16°C, Rey nolds & Casterlin
(1979) landed on a considerably lower temperature of
12.2°C. Larsson pinpoints the difference in feeding
regime as a possible reason for the conflicting results,
as the fish in the study of Reynolds & Casterlin (1979)
study were not fed, in contrast to Larsson (2005).
Rikardsen et al. (2007) found that fish stayed deeper
throughout the summer, as the temperatures in -
creased. Their finding also included sea trout experi-
encing higher temperatures throughout the season,
hence not adequately compensating for increased
temperatures with vertical displacement. Their sta-
tistical analyses in cluded 2-sample t-tests on the data
averaged on the individual. Hence, they did not test
for a relationship between depth use and tempera-
ture. Nevertheless, based on their reported results, if
there is a relationship, it is likely positive, which con-
flicts with the findings in the current study. This
could possibly be explained by the vast individual
variance, pointed out earlier, as the fish in the first
trial may have had a natural preference for staying
deeper, and the temperature just happened to be
very low during this time period.
High temperature also led to a decrease in the num-
ber of attached stages at the end of the experiment.
This is most likely explained by recruitment into mo-
bile stages, as the rate of development is highly de-
pendent on temperature (Pike & Wads worth 1999).
However, total lice abundance de creased, so a higher
mortality rate may also have contributed. The effect of
high temperatures on the mortality of salmon lice is
not well documented. It has been observed that the
parasite was absent from Norwegian salmon farms
when water temperature was higher than 18°C (Box-
aspen 2006). The maximum measured temperature in
the surface during the current study was 17.5°C, and
10% of the surface temperature values were over
15°C. This is quite high and could be a possible expla-
nation for the relationship.
Another interesting finding, which has to be
treated with caution, was the inclusion of mobile lice
with a negative parameter estimate in the top model
for the end-of-trial abundance of attached stages.
This could indicate that mobile lice actively remove
attached stages from the fish. The hypothesis has
been brought up before (Jakobsen & Gabrielsen
2003). They found reduced chalimus abundance on
experimentally challenged fish when adult female
lice were present. The mechanisms behind this are
not known, but adult lice may benefit by prolonging
host survival and therefore indirectly increase their
own lifetime reproductive success (Jakobsen &
Gabrielsen 2003).
Eldøy et al. (2017) found a relationship between
depth preference and size of the fish, measured by
length. Size does matter in relation to antipredator
strategies, as a smaller body makes for an easier prey,
hence increasing the cost of staying in shallow and
risky waters. When choosing fish for this study, we
aimed for a minimum variation in fish size, in order to
reduce deviation in baseline behaviour. However,
due to limited catches, fish of variable size had to be
included in the study. Therefore, length was also in-
cluded in the global model for swimming depth, al-
though it was excluded during the model selection.
This could indicate that the selectivity for size was
sufficient, as the individual variation was accounted
for as a random effect.
4.2.  Implications for the future
Currently, data originating from monitoring pro-
grammes are used in the status assessment of one of
the most critical obstacles to the Norwegian govern-
ment’s ambition for a 5-fold increase in annual output
of the aquaculture industry (Agnalt et al. 2017, Gut-
tormsen 2017). Results from the current study sug-
gest more emphasis needs to be put on the impor-
tance of individual variation in this context, as not
addressing it or underestimating its significance has
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the potential of introducing a considerable source of
error concerning the question of representation.
The role of sea trout in the new monitoring system is
still uncertain, as knowledge around how populations
respond to salmon lice is still limited. The current
study presents strong indications that salmon lice
have an impact on the individual depth preference of
trout, which in turn has an effect on louse abundances.
This suggests that fish, to some degree, were able to
compensate for the cost of salmon lice through this
fine-scale change in vertical behaviour when the con-
ditions were right. Assuming this is correct, it would
be relatively easy to implement, as it suggests that the
potential for compensation in a system is mostly de-
pendent on the availability of low-salinity surface
 water. Due to the unexpectedly high mortality rate
during the trials, more research effort is needed for
validation of the findings of the current study.
Based on the findings of the current study, caution
is advised when treating data that originate from the
first days after tagging, as the behaviour during those
days was found to be deviating from the rest. More
emphasis should be put on developing a good proto-
col for treating spatial and temporal behavioural
data, and making the link to associated environmen-
tal factors, to make for consistency in statistical
analysis and easier comparison and interpretation of
results. To our knowledge, this was also the first
study on marine behaviour of sea trout that ad -
dressed autocorrelation, despite the presence of pub-
lished work on studies based on the same type of
data (Rikardsen et al. 2007, Eldøy et al. 2017, Halt-
tunen et al. 2017). Accounting for autocorrelation is
strongly encouraged, as doing so significantly
reduced the patterns in the data, suggesting an over-
parameterization of models trying to predict reality,
inflated p-values, and hence increased likelihood of
a type II error when neglecting it.
4.3.  Conclusion
The current study was the first telemetry study on
the marine behaviour of wild sea trout in a semi-
enclosed system. This approach could function as an
alternative for pilot studies and for testing hypothe-
ses that need high-frequency data resolution, as the
results on general behaviour coincided well with
findings from studies on sea trout in the wild. The
results support previous knowledge on vertical diur-
nal behaviour, enlighten the role of salmon lice in
optimal vertical positioning, and raise the issue of the
implications of temperature and salinity preference.
Further, results suggest that sea trout has the poten-
tial to compensate for the cost of salmon lice through
changes in vertical behaviour that is directly linked
to surface salinity.
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